Introduction
Gravity is the constant force driving all glacier motion, yet observations suggest the processes that resist that force and thereby control glacier flow are not uniform in time or space. Temporal variations in glacier movement are well documented: numerous studies have demonstrated that motion can undergo strong diurnal and seasonal variations and that transient and localized velocity anomalies are not uncommon [e.g., Meier, 1960; Brecher, 1969; Brzozowski and Hooke, This paper presents an observational data set that describes deformation in a valley glacier at a resolution that is similar in three dimensions, and much less (< 10%) than the ice depth. Measurement of a fluid's three-dimensional flow field is nontrivial: consideration must be made to space/time averaging of measurements, and technological barriers, some specific to glaciers, are encountered. We first describe techniques for data collection and processing developed for the assembly and investigation of this data set. We offer analysis and discussion of the problems and limitations of three-dimensional deformation measurements in glaciers. Finally, we present the results of our measurement program conducted on Worthington Glacier, Alaska, revealing the three-dimensional pattern of flow within a large bulk sample of a temperate valley glacier.
Data Collection

Background
The most practical and efficient method for observing the internal flow field of a glacier is to measure the deformation of a borehole extending through its depth. The axial curvature of the borehole is tracked over time as it deforms with the moving ice, a procedure referred to as borehole inclinometry [Raymond, 1971 a] . As the borehole is displaced along the valley with the flow field, a borehole deformation experiment measures the average flow field between the two positions at which the hole's curvature was determined.
Boreholes can be cased or, if drilled appropriately, holes can be left uncased. Hooke et al. [1987, 1992] used thinwalled aluminum casing in boreholes drilled into Storglaci•iren, Sweden. The casing was aligned in the hole so that a track in the casing wall maintained a constant azimuth at the time of installation. Therefore tilt alone was sufficient to determine the full curvature of the borehole (a far simpler measurement than azimuth). The casing gives the borehole a constant diameter and smooth walls so that inclinometry measurements are not influenced by local irregularities in the holes. A disadvantage of this method is that there can be differential movement between the casing and the borehole wall if the outside diameter of the casing does not perfectly match the diameter of the borehole. Maintaining a snug fit over a long period is difficult due the effects of deformation and pressure melting. The alternative is to leave the holes uncased. This, however, requires that azimuth be measured and introduces the possibility that tilt measurements may be corrupted by play of the inclinometer within irregular borehole walls.
Maintenance of boreholes against freezing and creep closure is necessary when inclinometry measurements are made over long time intervals. The life span of a borehole depends on the thermal structure of the glacier, the depth of the borehole, and the water level and circulation in the hole.
Even in a temperate glacier during summer, freezing may occur at the surface due to lasting effects of the winter cold wave, and at depth due to upward movement of both ice and water at the pressure melting point [e.g., Harrison, 1972; Alley et al., 1999] . Some boreholes in temperate glaciers may close in as little as 2 weeks; others may persist for several months. A method for maintaining boreholes for longer periods is to mark the position of the borehole with a strand of wire running along the length of the borehole. The borehole is allowed to freeze or deform closed and is then redrilled at a later time using a wire-following drill. This enables the curvature of borehole to be remeasured over a protracted time interval (i.e., one or more years). Questions remain, although, as to whether the wire regelates through the ice and eventually no longer represents the path of the original borehole. The holes need to be a specific diameter, in this case about 10 cm, and must have smooth walls. Straight and vertical boreholes are needed in order to avoid errors resulting from assumptions made during processing (described in section 3.4). To meet these objectives, new instrumentation and procedures for drilling and inclinometry were developed and implemented.
This Study
The boreholes were drilled by hot water methods [Taylor, 1984; Engelhardt et al., 1990; Humphrey and Echelmeyer, 1990 ] using a system specifically designed to drill holes for uncased inclinometry. Straight and vertical holes with smooth walls and constant diameter were created by lowering a heavy (40 kg) drill stem by an electromechanical in-line drive. A load cell on the drill tower monitored the hanging weight of the drill stem to better than 1% precision giving constant input to a computer control of drilling speed. The hole diameter was restricted to 10 cm by the 200 cm long drill stem which had a tapered cross section along its length, from 3.4 to 1.4 cm. The unusually long and narrow stem caused turbu*lent mixing not just ahead of the drill tip but also within upwelling water along side the drill stem. The thermal decay length of the up-welling water was on the order of meters [Humphrey and Echelmeyer, 1990] , and hence the long and narrow end of the drill stem gave turbulent eddies space to grow as they moved up the hole.
Following drilling, the boreholes were inspected for smoothness and diameter using a borehole video camera [Harper and Humphrey, 1995] and a digital-recording caliper lowered though the holes. These measurements revealed that the drilling system produced overly wide holes until the drill stem and high-pressure jet was submerged several meters within the borehole water column. Consequently, inclinometry data could not be collected in the top 5 to 8 m of the boreholes.
Boreholes were stopped about 10 m short of the bed. This was done to prevent circulation of borehole water arising from connection with the basal hydrologic system. Circulation advects water up or down the slight temperature gradient imposed by the Clausius-Clapeyron pressure-temperature relationship, leading to either thermal erosion or refreezing of the boreholes over time. Furthermore, with the holes nearly full of water, they were less likely to creep closed near the bottom. Two negative impacts of this decision were a lack of data in the immediate vicinity of the bed, and a tendency for some holes to freeze at the surface (holes drilled to the bed drain several tens of meters and hence do not contain water near the surface).
Refreezing of the boreholes was a problem that needed to be addressed after the boreholes were about 20-30 days old. Freezing occurred both near the surface and at depth and affected about a third of the boreholes with an apparent random distribution. Holes were maintained against freezing by redrilling with a specially designed reamer that focuses melting energy to only the parts of the borehole with a decreased diameter. After reaming, holes were reinspected with the video camera to assure that the hole geometry was not grossly altered by the reaming process. The three boreholes used for measurements of year-long deformation were drilled during June of 1997. Each hole was fitted with a wire running along its entire length. The holes were then redrilled the following year using a specially designed wire-following drill tip. The redrilled holes were inclinometered, and their tops were surveyed in late June 1998. These measurements represent 372-374 days of deformation.
Data Processing
Borehole Maps
We define a right-handed local coordinate system for the glacier as x, y, z representing the along-glacier (horizontal and positive in the easterly direction of flow), cross-glacier (horizontal and positive north), and vertical (positive upward) directions, respectively. As our inclinometer determines only the deviation of points along a borehole relative to the top of the hole, several steps were followed in transforming the deviations into three-dimensional maps of the boreholes with coordinates of the local system (Figure 3 ).
1. Each hole was measured at least twice during each round of inclinometry. Measurements were averaged to form one profile representing the map for each round.
2. Surface ablation shortened the holes over the time. This effect was removed by adding the ablated ice elements back to the length of the borehole in data reduction, so that the 
Interpolation
Velocities at the surface and along the boreholes were interpolated to an orthogonal grid, giving the three-dimensional velocity structure for a block of ice. Computations were done with velocity profiles produced from displacements between inclinometry Rounds 1-3, the only interval with significant deformation measured in a large number of holes. The interpolation used algorithms included in the EarthVision (Dynamic Graphics Inc., Alameda, California) software package, which are designed for interpolation of borehole data in the oil and gas industries. The procedure uses an iterative scheme to fit a cubic spline function with a minimum of curvature [Briggs, 1974] We performed further analysis of the errors in our inclinomerry data in order to describe confidence regions for our measurements. Here we use the term "error" to include instrument error as well as random error because the two are inseparable. We utilize the fact that we have at least two repeated measurements of each hole's profile (Figure 4) . If each borehole were treated alone, the derived error estimate from simple consideration of the standard error in either the approximately along-glacier (x) direction or approximately cross-glacier (y) direction tends to be quite large and unreliable. In addition, the measurements in the x and y directions are correlated. Fortunately, the confidence regions can be improved through recognition of the fact that additional information about errors can be found by considering the structure of the errors in repeated inclinometry measurements, even though they are not of the same point. This strategy essentially pools whatever error information we have and thus maximizes our knowledge of the data. We restrict this analysis to inclinometry rounds 1, 2, and 3, where we have sufficient data.
We begin by assuming that error in depth (z) direction is minimal, so to estimate (x, y) coordinates of a point along the map for the ith borehole in the jth inclinometry round, at a (1) Interpolation functions are fit to velocity data so that both numerical differentiations and integrations can be made. We make the fundamental assumption that displacement data vary smoothly and fit with simple loworder polynomials. This assumption is supported by our observations of borehole displacements discussed in the following section, (2) Horizontal gradients in vertical velocity are assumed to be negligible over a length scale that is comparable to the horizontal offset between the top and bottom of the boreholes (in the case of round 1-3 data, about 2-4 m). The latter assumption is made so that the analysis can be simplified by calculating velocities along vertical lines falling straight below the tops of the holes, rather than for each of the points along the irregular borehole profiles. This is a reasonable assumption where surface slope gradients are sirtall, as they were across the entire study reach, (3) Mass conservation is assumed. Consequently, volume changes caused by motion along crevasses at the surface are not accounted for. However, because crevasses are relatively small and widely spaced, and were both opening and closing within the reach [Harper et al., 1998a], we believe that this assumption has a negligible impact on results.
The overall performance of the velocity calculation scheme was tested with a synthetic data set. Borehole displacements within a synthetic velocity field (satisfying continuity) of the exact geometry and similar velocity structure to the study reach were run through the velocity calculation scheme and results were compared to the original velocity field. The along-glacier and cross--glacier velocities were both reproduced to within 0.1%, although the difference in the vertical was 3.39%. The larger error in the vertical is believed to have resulted simply from truncation errors in the comparison scheme. An additional check is offered by one independent measurement of vertical velocity along a borehole [Harper, 1997] , which matches the computed result in direction and magnitude.
Additional errors in the computed velocities were introduced in the interpolation of the 31 velocity profiles to a three-dimensional velocity field. The three-dimensional Our error analysis (section 3.4) gives an elliptical confidence region surrounding the measured hole trajectories. From this the maximum part of the displacements that could be attributable to measurement error may be determined at a particular confidence level. We are most interested in round 3 inclinometry data, since this is the most complete data set.
With a confidence interval of 95 % the error in these measurements is predicted to be no more than 5-10 % of the observed displacements in the along-glacier direction, and up to a maximum of about 20% of the cross-glacier direction. Because of greater displacements over longer times, the error component drops for round 4 data and becomes negligible for the year-long measurements.
Velocities
The iterative scheme used to convert the borehole profiles to velocities (section 3.2) made relatively small changes to of ice along the up-glacier and down-glacier edges of the three-dimensional block move faster than the central portion (plan view) of the block. These high-velocity regions may reflect the presence of two ice falls, one just up-glacier from the reach producing compression and one just down-glacier producing tension.
Strain
The strain in the glacier is investigated through analysis of both the borehole maps and the three-dimensional velocity field; the former yield information about the pattern of strain from data in its most raw form, while the latter offers an analysis of the complete strain field. The englacial velocity profiles along individual boreholes were used to calculate strain as a function of depth. This was done by taking the velocity along the x direction as u (the deviation from the down-glacier direction is never more than a few degrees) and computing the down-glacier/vertical shear as ou/oz, where z is the vertical coordinate. Using a finite difference method, values of ou/oz were calculated for 6473 points along velocity profiles created from round 1-3 and round 1-4 inclinometry intervals (Figure 8) . The resulting data field has a wide band of scatter that may be attributed to at least several causes, including differentiation of digital data, measurement errors, and true variability in the strain rate between the different Calculation of the three-dimensional velocity field from measurements of borehole deformation requires that borehole coordinates be tracked in three-dimensional space. This is done by measuring the offset between points along the hole and the hole collar at the glacier surface. Consequently, accurate surveying of the borehole collar is especially critical as "hanging" the borehole from a mislocated point at the surface will cause significant velocity errors throughout the depth of flow.
Spatial Variability
Worthington Glacier has a relatively simple geometry in the vicinity of the study reach. The valley walls are approximately parallel, there are no ice tributaries, and the surface slope is low and nearly uniform. Thus there are no major features within the reach that would complicate the stress field. There should be three major categories of stresses within the reach' (:t) along-glacier shear, increasing uniformly with depth; (2) locally produced stresses related to minor variations in the bed, surface slope, and valley walls; (3) stresses related to far-field glacier dynamics that are transferred over lengths equivalent to multiple ice thicknesses. The three-dimensional data collected on Worthington Glacier should give an indication of the relative importance of each of these sources of stress in determining the state of flow within this valley glacier.
The simple "slab on a slope" model for glacier flow [e.g., Paterson, 1994] Boreholes that display significant deformation will have been displaced so far through the flow field that they represent a spatial average of flow. This presents a paradox: small displacements are required for accurate measurement of the three-dimensional flow field, but small displacements will have a relatively greater proportion of instrument error and thus will yield a less accurate result. This problem was surmounted by measuring the deformation of boreholes after they had been displaced a distance equivalent to approxi- 
